The adenovirus gene regulatory program occurs in two distinct phases, as defined by the onset of DNA replication. During the early phase, the E1A, E1B, E2, E3, and E4 genes are maximally expressed, while the major late promoter (MLP) is minimally expressed and transcription is attenuated. After the onset of DNA replication, the IVa2 and pIX genes are expressed at high levels, transcription from the MLP is unattenuated and fully activated, and early gene expression is repressed. Although the cis elements and trans-acting factors responsible for the late-phase activation of the MLP have been identified and characterized and the role of DNA replication in activation has been established, the mechanism(s) underlying the commensurate decrease in early gene expression has yet to be elucidated. The results of this study demonstrate that this decrease depends on a fully functional MLP. Specifically, virus mutants with severely deficient transcription from the MLP exhibit a marked increase in expression of the E1A, E1B, and E2 early genes. These increases were observed at the level of transcription initiation, mRNA accumulation, and protein production. In addition, expression from the late gene pIX, which is not contained within the major late transcription unit (MLTU), is also markedly increased. To begin the analysis of the mechanisms underlying these late-phase effects, mixedinfection experiments with mutant and wild-type viruses were performed. The results show that the effects on early gene expression, as measured both at the protein and RNA levels, are mediated in trans and not in cis. These observations are consistent either with a model in which one or more late protein products encoded by the MLTU acts as a repressor of early gene expression or with one in which the wild-type MLP competes with early promoters for limiting transcription factors.
Extensive studies of adenovirus gene regulation have uncovered the complexity of the gene expression program during the course of infection. Not only are adenovirus genes regulated in a temporal manner, but viral gene products also exert control at every step in the gene expression pathway, from transcription initiation to protein modification. Both early and late gene products are involved in transcriptional activation (E1A, E2A, E4, IX, and IVa2 [10, 21, 24, 35, 36, 44, 55, 59] ), various stages of RNA processing (E1B, E2, and E4 [1, 2, 6, 25, 42, 43, 45, 51] ), and translational efficiency (L4 100-kDa [100K] protein [22] ). In addition, VA RNA, a short (157-nucleotide) RNA polymerase III transcript, also has a regulatory role, as it blocks global shutdown of protein synthesis in the host cell by interfering with the inhibitory action of DAI kinase (37) . cisacting elements also have a wide range of effects beyond the binding of transcription factors, as they are involved in determination of splice site choice (29) , polyadenylation site choice (20, (46) (47) (48) , and mRNA translational efficiency (15) .
Within this diversity of levels and mechanisms of gene expression control, the most prominent regulatory event in the adenovirus life cycle is the early-to-late switch in infection ( Fig.  1) . At early times (from the time of adsorption to about 6 h postinfection [p.i.]), the early genes E1A, E1B, E2, E3, and E4, all of which are activated by the immediate early gene E1A (4, 26) , are maximally expressed, and the major late transcription unit (MLTU) is expressed at very low levels and is attenuated (41, 53) . At the onset of viral DNA replication (ϳ6 h p.i.), a marked switch in gene expression occurs. At this time, transcription is activated at three different transcription units:
IVa2, located at 16 map units (m.u.), pIX, located at 10 m.u., and the MLTU, located at 17 m.u. The activation of late genes is accompanied by a reduction in the expression of early genes, as measured per genome (reviewed in references 39 and 52) . Whether this reduction is a passive consequence of high levels of gene activity from the late promoters or is an active repression has not been conclusively determined.
Studies of late gene expression from the major late promoter (MLP) have implicated both trans-acting factors and cis effects in the late-phase-specific activation of the MLP. Not only has it been known for many years that the E1A 289R protein can transactivate the MLP (38) , but recent data show that the late-phase-specific protein IVa2, expressed from a gene lying outside the MLTU, up-regulates the MLP through binding to the DEF sites downstream of the initiation site (30, 32, 35, 59) . The cis-acting elements required for maximum MLP activation have also been identified and extensively studied both in vitro and in vivo (7, 33, 34, 49, 50) . In addition, the studies of Thomas and Mathews (56) have demonstrated that the initiation, but not the maintenance, of DNA replication is mandatory for the activation of the MLP during a viral infection.
Although it was soon recognized that the late phase of infection is accompanied by a general down-regulation of early gene expression, initial studies of the mechanism(s) underlying control of early gene expression were conducted under conditions in which entry into the late phase was inhibited. The primary tools employed were inhibitors of DNA replication (5, 11, 12, 31, 40) , inhibitors of protein synthesis (5, 11, 12, 27, 31, 40) , and a temperature-sensitive mutant in the single-stranded DNA binding protein (DBP) (1, 5, 8) , which is essential for viral DNA replication (16) . The results of these various studies indicated that lowered expression of some early genes occurs prior to the onset of the late phase of infection and therefore is not contingent upon entry into the late phase. Furthermore, they suggested that a balance of protein factors was involved in both the repression and activation of early genes, implying a complex network of regulatory interactions during the early phase of infection. Studies with H5ts125, a virus with a temperature-sensitive lesion in DBP, suggested a role of DBP in the destabilization of early mRNAs (1) and indicated that a block in DNA replication, especially when coupled with a block in protein synthesis, allowed for an enhanced accumulation of early viral RNAs (5) . Taking all of these previous results together, we can conclude that some form of downregulation of early gene expression does indeed take place during adenovirus infection, but significant questions concerning the mechanism remain, particularly concerning any latephase-specific repression of early gene expression.
Previous work from our laboratory has examined the structure and function of the MLP in the context of the complete viral genome by the creation of mutations in known or suspected transcription elements (34, 49, 50) . Several of these mutant viruses were deficient in viral growth and had a commensurate decrease in late RNA and protein due to the expected decrease in MLP activity. It was also apparent that there were other contingent effects on at least one early gene, namely E1B, and alterations to protein accumulation over and above those expected from the lowered expression of late gene products. In this study, we have used these mutants to demonstrate that the expression patterns of all early genes and of one late gene, pIX, are significantly altered. Cells infected with MLP mutant viruses overexpress the early genes E1A, E1B, and E2 and the late gene pIX, they have quantitative and qualitative changes in expression of the E4 gene, and the latephase-specific increase in expression of E3 is not observed. These results establish that there are mechanisms of early gene control that are dependent upon entry into the late phase and that the previously documented down-regulation observed at late times is not a mere temporal coincidence. Furthermore, mixed-infection experiments provide evidence for a trans-acting mechanism of repression of E1A, E1B, E2, and pIX. In the Discussion we consider possible models and mutagenic strategies to explain the trans-acting nature of early gene regulation.
MATERIALS AND METHODS
Cell culture and viral infection methods. All analyses were conducted with monolayer cultures of A549 human lung carcinoma cells (19) . The cells were grown in Dulbecco modified Eagle medium with 10% supplemental calf serum (HyClone, Logan, Utah) and antibiotics, as described previously (60) . Cells to be infected were plated in culture dishes of various sizes 1 or 2 days prior to the addition of virus and were used when the monolayers were confluent. Cells were infected at the multiplicities of infection (MOI) indicated for the individual experiments.
Labeling of infected cell proteins. A549 cell monolayers in 35-mm-diameter dishes were infected with different virus strains at the indicated MOI. After various incubation periods, the original medium was removed and replaced with methionine-free medium (Gibco 11970-027) and then incubated further for 1 h. Following depletion of the intracellular methionine pools, the medium was replaced with fresh methionine-free medium containing 10 to 100 Ci of a mixture of [ 35 S]methionine and [ 35 S]cysteine (Dupont NEN Express NEG-072). After a 1-h incubation, cells were washed once with 2.5 ml of phosphate-buffered saline (PBS) and then resuspended in 1 ml of PBS. Samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography as described below.
SDS-PAGE. SDS-acrylamide gels for protein electrophoresis were formed by using premade Protogel solutions (National Diagnostics, Atlanta, Ga.). The separating gel contained a 12% solution of acrylamide-bis-acrylamide at a ratio of 37.5:1. Protein samples were mixed with an equal amount of 2ϫ loading buffer (1.51% Tris, 20% glycerol, 4% SDS, 10% 2-mercaptoethanol, and 0.002% bromphenol blue [BPB] ) and boiled for 2 min before loading. Samples were electrophoresed for approximately 3 h, until the BPB dye front reached the bottom of the separating gel. Gels were then stained for 30 min with Coomassie brilliant blue (0.25% in fixing solution of 40% methanol and 7% glacial acetic acid) and destained for at least 2 h in fixing solution. Gels used for the resolution of radiolabelled proteins were dried by a gel drier prior to exposure to autoradiography film (Fuji-RX).
Western blotting. A549 cells in 35-mm-diameter dishes were infected with TATA0 or wild-type MLP (MLP-WT) virus. At the indicated times p.i., infected cells were washed once in cold PBS and then harvested by scraping into 1 ml of cold PBS. Cell resuspensions (0.1 ml) were electrophoresed and stained as described (see "SDS-PAGE" above) and then equilibrated in transfer buffer (39 mM glycine, 48 mM Tris, 0.037% SDS, 20% methanol) for 60 min. Proteins were transferred for 2 h to a nitrocellulose filter by using a transfer apparatus set at 30 mA. The filter was then blocked in blocking solution (5% nonfat dry milk in PBS) for 90 min before primary antibody exposure. The primary antibody was an anti-E2A monoclonal antibody (courtesy of D. F. Klessig), which was diluted 1:1,000 in blocking solution. Filters were incubated for 90 min at room temperature in 20 ml of diluted antibody. The filter was washed once in TBST (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.05% Tween 20) and three times in PBS. Horseradish peroxidase-conjugated goat-generated anti-mouse immunoglobulin A (IgA), IgG, and IgM (Sigma A 0412) antiserum was used as secondary antibody. Filters were incubated for 30 to 60 min in 15 ml of a 1:600 dilution of this antibody in blocking solution. The filters were then washed once in TBST and three times in PBS. Blots were developed by chemiluminescence with the Dupont Renaissance kit (Dupont NEL-100) and exposed to autoradiography film.
Northern blot analysis. Total cell RNA was isolated by the RNA STAT-60 protocol (Tel-Test "B," Inc.). Methods for Northern blot analysis were based on a published protocol. Total infected cell RNA (5 g) was denatured at 55°C for 15 min in denaturation solution (50% formamide, 18% 12.3 M [37%, wt/wt] formaldehyde, 40 mM MOPS [morpholinepropanesulfonic acid] [pH 7.0], 10 mM sodium acetate, 1 mM EDTA). RNA loading buffer (10 l of a solution containing 1 mM EDTA [pH 8.0], 0.25% BPB, 0.25% xylene cyanol, and 50% glycerol) and 1 l of ethidium bromide (10 mg/ml) were added to each sample prior to electrophoresis. Samples were loaded onto a formaldehyde-agarose gel (1% agarose, 18% 12.3 M [37%, wt/wt] formaldehyde, 40 mM MOPS [pH 7.0], 10 mM sodium acetate, 1 mM EDTA) and electrophoresed for approximately 3 h (30 mA, 80V) in a buffer containing 40 mM MOPS (pH 7.0), 10 mM sodium acetate, and 1 mM EDTA. Gels were washed for 15 min in deionized H 2 O and equilibrated for 45 min in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). RNA was transferred via capillary action overnight to a Genescreen Plus (Dupont NEN) filter in 10ϫ SSC. Filters were then either baked for 2 h under vacuum at 80°C or UV cross-linked to immobilize transferred nucleic acids. Filters were blocked in hybridization solution (50% formamide, 4ϫ Denhardt's solution, 2% SDS, 0.1 mg of salmon sperm DNA per ml, 750 mM NaCl, 150 mM Tris [pH 7.0], 18 mM NaH 2 PO 4 , 28 mM Na 2 HPO 4 ) overnight at 42°C. Samples were then hybridized overnight at 42°C to a probe prepared by random priming of the indicated gel-purified restriction fragment. Filters were then washed twice at 25°C in 2ϫ SSC, once at 42°C in 0.1ϫ SSC-0.5% SDS, and once at 42°C in 0.1ϫ SSC. Filters were exposed and analyzed by autoradiography and quantitated by either a densitometer or a PhosphorImager.
Nuclear run-on analysis. Nuclear run-on assays were performed essentially as described previously (34) . Between 2 ϫ 10 7 and 6 ϫ 10 7 cells were infected with TATA0 or MLP-WT virus at an MOI of 10. At 22 h p.i., cells were washed twice with ice-cold PBS and scraped into 4 ml of PBS. Cells were pelleted at 1,500 rpm, and PBS was removed. Cells were vortexed briefly and resuspended during vortexing in 4 ml of Nonidet P-40 (NP-40) lysis buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mM MgCl 2 , 0.5% NP-40). Resuspended cells were incubated for 5 min on ice to allow lysis for isolation of intact nuclei. Nuclei were then pelleted at 1,500 rpm. The cytoplasmic supernatant was removed, and nuclei were resuspended in NP-40 lysis buffer and pelleted again. Nuclear pellets were then 32 P]UTP) was added to resuspended nuclei for a 30-min incubation at 30°C. RNase-free DNase (RQ1; Promega) was then added to the transcription reaction mix in 0.6 ml of HSB buffer (0.5 mM NaCl, 50 mM MgCl 2 , 2 mM CaCl 2 , 0.1 mM EDTA), which was then incubated for 5 min at 30°C. Proteinase K (200 g at a concentration of 5g/l) was then added, and the mixture was incubated for 20 min at 42°C. The reaction product was phenol extracted and precipitated twice with isopropanol. The pellet was washed in 75% ethanol and resuspended in 100 l of diethyl pyrocarbonate (DEPC)-treated water. Samples were counted with a scintillation counter, and the amounts used for hybridization are indicated in the figure legends. Samples were added to prehybridized filters (see below), and hybridization was for 24 to 48 h at 42°C.
Preparation of filters for nuclear run-on analysis. Filters were prepared with 10 to 20 g of either single-stranded M13 or double-stranded pBluescript DNA containing the appropriate cloned sequence. The DNAs, in a volume of 50 l, were added to 50 l of 20ϫ SSC and transferred to a Genescreen Plus filter prewetted in 10ϫ SSC by using a slot blot manifold. Filters were UV cross-linked and prehybridized (see "Northern blot analysis" above).
Probes for nuclear run-on analysis. The probes used for the nuclear run-on assays were as follows: E1A, bp 1 to 1342 cloned into M13mp19 or pBluescript SK(ϩ); anti-E1A, bp 1342 to 1 cloned into M13mp18; E1B, bp 2051 to 3331 cloned into pBluescript SK(ϩ); E1B ϩ pIX, bp 3328 to 3788 cloned into pSP6; MLP or E2B, bp 11555 to 13636 cloned into M13mp18 in either orientation; GAPDH (single strand), 1.3-kb PstI fragment of rat GAPDH cDNA cloned from pBS-KS(Ϫ) (17) into M13mp19; GAPDH (double strand), 1.4-kb EcoRI fragment of human GAPDH cDNA cloned into pGEM, courtesy of Kartik Krishnan (13) .
RESULTS

MLP-deficient viruses overexpress the E2A protein late in infection.
Previous studies have shown that viruses containing certain mutations in the promoter elements of the MLP exhibit a marked replication deficiency (34, 49, 50) . In some mutants, this deficiency has been attributed to lowered RNA expression from the MLP, but direct measurements of late protein accumulation were not reported. To examine the protein profile, cells were infected with a set of mutant viruses containing different mutations in the MLP, all of which had significant transcriptional deficiencies. Cells were pulse labelled with [ 35 S]methionine at 24 h p.i. and analyzed by SDS-PAGE. As shown in Fig. 2 , all cells infected with viruses with MLP deficiencies demonstrate, as expected, a significant decrease in the synthesis of the major late proteins hexon, 100K, fiber, and penton base. In addition, a prominent band migrating at about 70 kDa is considerably elevated in all of the mutant-infected cell extracts. Thus, the protein phenotype of the deficient mutants is consistent regardless of the specific combination of MLP mutations. All mutant-infected cells synthesize both lowered levels of late proteins and elevated levels of the 70-kDa species.
To examine the protein phenotype further, one of the mutants was chosen as a representative of the deficient set. Mutant TATA0 contains two mutations within the TATA box, is significantly deficient in replication, and reverts much less frequently to a wild-type phenotype than does TATA27::CCCAT (37a). As before, proteins in TATA0-and wild type-infected cells were analyzed by SDS-PAGE at 18 and 24 h p.i. (Fig. 3A) . Quantitation of individual protein bands (Fig. 3B) revealed that the synthesis of hexon was reduced about fivefold at 18 and 24 h p.i. in the mutant-infected cells, compared with the wild type-infected cells. Synthesis of fiber was reduced by at least fourfold at 18 h p.i. and to nearly background levels at 24 h p.i., while measurements of penton base were indistinguishable from the background level. The 70-kDa protein was increased by 2.5-fold (18 h) and 8-fold (24 h) in TATA0-infected cells. (Fig. 2B ; Table 1 ). Quantitation of other infections showed similar reductions in late proteins and increases in the 70-kDa protein (data not shown).
The identity of the 70-kDa protein was unknown, but several possible viral and cellular candidates were considered. Because it was expressed in both wild type-and mutant-infected cells, a viral protein was suspected, and its relative mobility suggested that it might be the single-stranded DNA binding protein DBP. Western blot analysis was performed to test this (Fig. 4A) . At 12, 18, and 24 h p.i., levels of DBP in TATA0-infected cells were elevated between 5 and 15-fold compared with the wild type ( Fig. 4B; Table 1 ). This corresponds to the increase in synthesis of the protein of similar relative mobility shown in Fig. 3A . Western blot analysis established that there is a significant increase in DBP expression at late times in mutantinfected cells and suggests that lowered MLP expression is accompanied by increased early gene 2 expression. Coupled with the previous observation that E1B RNA levels are elevated in MLP mutant-infected cells (50) , this result suggests that expression of the MLP and of at least some early genes are inversely correlated.
Analysis of RNA levels in MLP mutant-and wild typeinfected cells. The results described above and previously suggest that decreases in MLP expression lead to corresponding increases in the expression of at least two early genes. It was of some interest to see if these effects could be extended to other early and late genes and to begin the analysis of the level at which these effects occur. Accordingly, a survey of quantitative changes to steady-state viral mRNAs was conducted by using Northern blot analysis. Probes capable of hybridizing to E1A, E1B, E2A, E3, and E4, as well as late gene pIX, were used in the analysis ( Fig. 5; Table 1 ). At the indicated times both early and late in infection, total RNA was isolated from cells infected with MLP-WT or TATA0. Levels of RNA from several genes were overexpressed in TATA0-infected cells. E1A mRNA levels were equivalent at 10 h p.i. but at 24 h p.i. were overexpressed threefold by TATA0 ( Fig. 5A and F At the indicated times p.i., total RNA was harvested and Northern blot analyses of early and late messages were performed as described in Materials and Methods. The blots were probed with the following random-primed double-stranded DNA sequences: bp 342 to 1342 (E1A) (A), bp 3328 to 3788 (E1B, pIX) (B), bp 23039 to 23912 (E2A, L4 100K, L4 URF) (C), bp 28879 to 29602 (E3) (D), and bp 31920 to 32423 (E4) (E). The corresponding relative levels of mRNA species (F to I) were determined by densitometry and corrected for total RNA levels by reprobing of stripped blots with either actin or GAPDH. Fig. 5D and I ; Table 1 ). Although the exact identification of the three prominent species of RNA is difficult since the E3 region of this virus is highly recombinant (7), we infer that the two lower bands (labeled A and B in Fig.  5D ) are E3 species rather than MLP-specific RNAs, because on a longer exposure these bands are visible at 6 h p.i., before full MLP activation (data not shown). Nevertheless, the relative increase in expression of E3, compared with E1A, E1B, E2A, and pIX RNAs in wild-type as opposed to mutant infection, may reflect the fact that some E3 species are expressed from the MLP late in infection, a phenomenon previously demonstrated for the E3 11.6K gene (58) . Thus, the increase in the wild-type infection may reflect the greater transcriptional abilities of the wild-type MLP. Northern analysis of the E4 region ( Fig. 5E ) showed yet a different change in gene expression due to reduced MLP activity: the use of a probe complementary to the 3Ј end of all E4 messages revealed both qualitative and quantitative changes in the accumulation of E4 RNA species. This complex pattern of changes was not explored further.
With the results from the Northern analyses taken together, it is clear that changes to expression from the MLP are accompanied by profound changes in expression from many if not all of the other genes encoded in the adenovirus genome. One possibility arising from these results is that the MLP and/or the products of the MLTU play roles in the regulation of most other adenovirus genes at late times in infection. Methods to determine whether this role is active or merely contingent will be discussed later.
Comparison of relative early and late promoter strengths in TATA0-and MLP-WT-infected cells. The results described above show that there are significant changes in the relative abundance of viral RNA species in cells infected with a virus having a severely deficient MLP. To determine the level of gene expression at which these changes are exerted, it is necessary to examine the first step, namely transcription initiation. This was examined by nuclear run-on experiments using nuclei harvested at 22 h p.i. Radiolabelled de novo transcripts were hybridized to DNA probes on membranes, and levels of hybridization were quantified. MLP promoter activity was reduced in TATA0-infected cells ( Fig. 6A and B ; Table 1 ) to some 60% of the wild-type level in the two experiments shown. In contrast, the relative rates of E1B, pIX, and E2B transcription were elevated about threefold ( Fig. 6 ; Table 1 ). The relative rate of E1A transcription was also elevated some threefold in TATA0-infected cells in two of the three experiments represented by Fig. 6 ; the small decrease observed in one experiment ( Fig. 6A and D) was not seen in two other experiments and is probably a loading artifact.
Despite the difficulties inherent in interpreting small changes in transcription initiation, we conclude from these results that the increased steady-state RNA levels observed in the Northern analysis (Fig. 5) are correlated with increased levels of initiation.
Complementation of the overexpression of early genes in MLP mutant-infected cells by wild-type coinfection.
The results presented above suggest that lowered expression from the MLP at late times in infection is correlated with an increased expression of other viral genes at the level of transcription initiation. These changes in expression could be exerted either in cis or in trans, and which of these two alternatives is correct has mechanistic implications. For example, a finding that changes in expression are mediated in cis would exclude mechanisms involving diffusible regulatory factors. On the other hand, a finding that the increases in early gene expression occur by a trans-acting mechanism would exclude such models as the occlusion of early promoters by active transcription from the MLP.
To address the issue of whether or not changes in gene expression are mediated in cis or in trans, cells were coinfected with wild-type adenovirus type 5 (Ad5-WT) and TATA0 at various input multiplicities, and measurements were made of representative viral proteins and steady-state RNA levels. In the first experiment, cells were infected with a constant multiplicity of TATA0 virus and with increasing amounts of Ad5-WT; at 24 h p.i., proteins were labeled for 1 h. Infected cell proteins were analyzed by SDS-PAGE. As shown in Fig. 7 , the relative level of DBP synthesized in the TATA0-infected cells was reduced to that of the wild type upon coinfection with wild-type virus, and the relative level of a representative late protein, penton base, was increased to wild-type levels. This experiment suggests that the changes to early gene expression observed in TATA0-infected cells are mediated in trans. A similar experiment was performed with TATA0 and MLP-WT, and essentially identical results were obtained (data not shown).
To extend these observations to other early genes and the pIX gene, we measured the steady-state levels of RNA in coinfected cells. Total cell RNA was harvested and Northern blot analysis was performed with probes complementary to E1A (Fig. 8A and C) or E1B and pIX ( Fig. 8B and D) . The results at the RNA level were similar to those observed at the protein level. Upon coinfection with an equivalent multiplicity of MLP-WT, E1A mRNA levels were reduced to wild-type levels. In TATA0-infected cells, E1B and pIX mRNA levels showed a dose-dependent reduction of mRNA to near wildtype levels upon coinfection with MLP-WT. These results demonstrate a global trans effect on changes in gene expression in MLP mutant-infected cells and will help us in further defining the mechanism(s) underlying these changes.
DISCUSSION
Gene expression in adenovirus infection undergoes major quantitative and temporal changes during the viral replicative cycle. The gene regulation underlying these changes is comprised of an extensive network of gene products and cis-acting sequences, as summarized in Table 2 . The most prominent temporal change in gene expression is the early-to-late switch in infection punctuated by the commencement of viral DNA replication. Although the phenomenon of the early-to-late switch, i.e., full activation of late genes with a corresponding decrease in early gene expression, has been described, the mechanistic forces involved in facilitating this change have yet to be demonstrated. It has been shown that full activation of the MLP is not only boosted by E1A and IVa2 but that there is also a requirement for the initiation, but not the maintenance, of DNA replication for full MLP activation (56) . In addition, the activation and repression of early gene expression was shown to be mediated by a balance of labile protein activators and repressors (5, 11, 12, 27, 31, 40, 54) .
Previous experiments in our laboratory have defined the cis-acting elements necessary for full activation of the MLP in the correct genomic context. As well as providing genetic evidence for the importance of specific promoter elements to the function of the MLP, viruses with mutant MLPs also can be used to explore the phenomenon of the reduction of early gene expression late in infection and to begin to answer questions as to the mechanism(s) underlying this poorly understood phenomenon. Using TATA0, an MLP mutant virus harboring a double mutation in the TATA box, we show that expression of the early genes E1A, E1B, and E2 and the late gene pIX is inversely correlated with expression from the MLP, as the former genes are overexpressed by the MLP mutant virus. The increases in expression of these genes ranged from some 3-fold to as much as 15-fold, depending on the specific gene and the level at which the measurement was made (Table 1) . It should be emphasized that although the magnitude of increase varied with the level at which gene expression was measured (transcription initiation, steady-state level of RNA, protein synthesis, or protein accumulation), all measurements showed an increase. While subtle differences in the precise mechanisms underlying the increases for expression of specific genes cannot be ruled out, the uniformity of the trend suggests a single mechanism for the increases.
There were two exceptions to the general trend of increased expression of early genes and the late gene pIX in MLPdeficient viruses. Measurement of steady-state E3 RNA levels showed a marked increase in MLP-WT-infected cells compared with those infected with TATA0 ( Fig. 5D and I ). Although we have not identified the species expressed from the E3 region of this pair of viruses, the viral genomes are both derived from Ad2 ϩ ND1, an adenovirus type 2-simian virus 40 chimera (28) . It is possible that some or all of the species are derived from spliced transcripts expressed from the MLP at late times in infection, as is the case for the 11.6-kDa protein, the adenovirus "death protein" ADP (57) . If this interpretation is correct, then the increase in E3 species in the MLP-WT infection is precisely as predicted. The other exception is the anomalous behavior of RNAs expressed from E4 (Fig. 5E) . In TATA0-infected cells, a transient increase in E4 species at 12 h p.i. is followed by virtual disappearance of species hybridizing to a 3Ј probe. Similar results have been obtained in several other experiments (data not shown). It has been known for some time that the E4 transcription unit is subject to complex temporal regulation at the level of splicing (14) . How lowered expression from the MLP could lead to the results shown in Fig. 5E is not known, although competition for limiting splicing machinery components might contribute to the observed phenotype.
The results discussed above show that lowered expression from the MLP at late times in infection leads to significant increases in expression from some early and late transcription units. These increases can be traced in part to increases in transcription initiation (Fig. 6 ) and raise the question as to the mechanisms(s) underlying these changes in gene expression. Given that four transcription units are affected, it seems likely that the mechanism is general rather than promoter specific. Hypotheses concerning mechanism would be clarified by knowledge of whether the mechanism operates in cis, in which case the increases in gene expression would not be affected by coinfection with the wild-type virus, or in trans, in which case the increases would be reversed by such coinfection. The results of such coinfections are presented in Fig. 7 and strongly support the idea that the mechanism operates in trans. Coinfection with the wild-type virus leads to a reduction in the levels of increase of 72K DBP and E1A, E1B, and pIX RNAs in mutant-infected cells. This result rules out simple cis-acting mechanisms, such as template-specific effects both upstream and downstream of the MLP.
The genetic results shown in Fig. 7 suggest some transmediated mechanism for the lowered levels of early gene expression in the wild type-infected cells. Furthermore, we can hypothesize that the lowered levels of such expression are important for the efficient completion of the viral replicative cycle. Two types of general models may account for these effects. "Passive" models include a promoter competition mechanism, in which the MLP competes with other promoters for rate-limiting components of the transcriptional machinery. For example, it is known that both the E2E and E2L promoters contain nonconsensus TATA box sequences (reviewed in ref- erence 52) . If the nonconsensus TACAAA sequence of the E2L promoter is altered to the consensus TATAAA, there is a large increase in in vitro promoter activity (23) . Perhaps there is a biological advantage to maintaining a nonconsensus TATA box in the E2 promoters, because they may fail to compete with the MLP, which contains a consensus TATA box, at late times in infection. While a simple promoter competition model could account for the results with the E2 promoters, and perhaps the simple E1B and pIX promoters, it is hard to envisage such a mechanism operating at the E1A promoter, because it contains a strong enhancer element (3) . Genetic experiments to test the promoter competition model at the E2L promoter are underway. The alternative "active" models propose that the MLTU encodes a diffusible factor that down-regulates other promoters. Possible candidates could include nonstructural proteins such as the L1 52,55K protein, the L3 23K protease, or the L4 100K or 33K protein. Extensive phenotypic characterization of temperature-sensitive mutants of the first three proteins has not included a detailed analysis of transcriptional effects, and this is currently under investigation. There are no reports of mutations in the 33K protein, a conserved phosphoprotein of unknown function (9) which accumulates in the nucleus at late times in infection (18) . Recently, we created a virus in which the function of the 33K gene is mutated; although this virus has a pronounced growth defect, there are no detectable changes in early gene expression (16a) . Thus, it is not a candidate for a putative MLTU-encoded repressor.
